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Plasmodium Oocysts: Overlooked Targets of Mosquito Immunity
Abstract
Although the ability of mosquitoes to limit Plasmodium infection is well documented, many questions remain
as to how malaria parasites are recognized and killed by the mosquito host. Recent evidence suggests that
anti-Plasmodium immunity is multimodal, with different immune mechanisms regulating ookinete and oocyst
survival. However, most experiments determine the number of mature oocysts, without considering that
different immune mechanisms may target different developmental stages of the parasite. Complement-like
proteins have emerged as important determinants of early immunity targeting the ookinete stage, yet the
mechanisms by which the mosquito late-phase immune response limits oocyst survival are less understood.
Here, we describe the known components of the mosquito immune system that limit oocyst development,
and provide insight into their possible mechanisms of action.
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Review
Plasmodium Oocysts:
Overlooked Targets of
Mosquito Immunity
Ryan C. Smith1,* and Carolina Barillas-Mury2
Although the ability of mosquitoes to limit Plasmodium infection is well
documented, many questions remain as to how malaria parasites are recog-
nized and killed by the mosquito host. Recent evidence suggests that anti-
Plasmodium immunity is multimodal, with different immune mechanisms
regulating ookinete and oocyst survival. However, most experiments deter-
mine the number of mature oocysts, without considering that different
immune mechanisms may target different developmental stages of the para-
site. Complement-like proteins have emerged as important determinants of
early immunity targeting the ookinete stage, yet the mechanisms  by which the
mosquito late-phase immune response limits oocyst survival are less under-
stood. Here, we describe the known components of the mosquito immune
system that limit oocyst development, and provide insight into their possible
mechanisms of action.
Plasmodium Oocysts: Targets for Malaria Eradication
Malaria is a devastating parasitic disease in humans that is caused by several Plasmodium
species and is transmitted through the bite of a mosquito (genus: Anopheles). Malaria
impacts more than 40% of the world's population and was responsible for over 438 000
deaths in 2015 alone [1]. Parasite development in the mosquito begins with the rapid
activation of ingested gametocytes into gametes, with fertilization giving rise to a zygote
that matures into a motile ookinete (Figure 1). Following the traversal of the peritrophic matrix
and invasion of the midgut epithelium, the ookinete transitions into the oocyst stage as it
attaches to the midgut basal lamina (Figure 1). During the oocyst stage, the parasite divides
constantly over a period of 1–2 weeks as it undergoes sporogony to produce thousands of
sporozoites that are released into the hemolymph (Figure 1). Sporozoites invade the salivary
glands and can be transmitted to a new host when the mosquito obtains a subsequent blood
meal [2–5].
During these complex developmental progressions, malaria parasites suffer major losses
because they are exposed to both human and mosquito components that dramatically
reduce parasite survival [2,6–8]. The oocyst stage is the largest bottleneck in the life cycle
of the parasite, with the lowest numbers of parasites present in both the mosquito and human
host [2,6,7], arguably making this stage the most vulnerable point for disrupting malaria
parasite transmission. As a result, understanding the mechanisms that determine malaria
parasite development and survival in the mosquito host is vital. Here, we review recent
advances in our understanding of how Plasmodium parasites are eliminated by the mosquito
host, and highlight recent evidence that both the ookinete and oocyst stages are targeted by a
multimodal mosquito innate immune response that is a major determinant of vector
competence.
Trends
Mosquitoes of the genus Anopheles are
the natural vectors of malaria. Plasmo-
dium parasites undergo several devel-
opmental stages in the mosquito host,
and must avoid mosquito immune
responses to survive and be trans-
mitted. Parasites suffer great losses in
the mosquito and reach their lowest
number during the oocyst stage.
Plasmodium oocyst numbers are typi-
cally measured as a single endpoint to
examine the parasite infection level in the
mosquito without considering whether
ookinete invasion, complement activa-
tion, or oocyst development are being
affected. Recent evidence suggests that
mosquito immunity is multimodal, with
oocysts being targeted by late-phase
mosquito immune responses that differ
from the immune responses that target
the ookinete stage.
Mosquito immune cells known as
hemocytes appear to inﬂuence oocyst
survival through unknown mechanisms.
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Ookinete Invasion and the Transition into an Oocyst
Ookinetes begin to invade the mosquito midgut epithelium between 18 h and 30 h after blood-
feeding, depending on the malaria parasite species [9,10], and migrate intracellularly through
one or more epithelial cells before reaching the midgut basal lamina [11,12]. Ookinete invasion
represents a signiﬁcant hurdle for the parasite, because approximately 80% of invading ooki-
netes are destroyed by the mosquito host [13]. Midgut invasion causes cellular damage that
activates nitration responses and ultimately leads to apoptosis of the invaded epithelial cells. As a
result, ookinetes must navigate a toxic intracellular environment that is rich in reactive oxygen
and nitrogen species as they traverse the midgut epithelial cell [14]. Midgut nitration appears to
modify the ookinete surface, ‘marking’ them for immune recognition by the mosquito comple-
ment-like system [10,15–17].
The contact with components of the midgut basal lamina (collagen and laminin) is thought to
trigger the differentiation of ookinetes into oocysts [18,19], but it is unclear how this interaction
initiates the developmental progression into an oocyst stage (Table 1). Furthermore, several
ookinete surface proteins have been shown to speciﬁcally interact with mosquito laminin,
including P25/28, circumsporozoite- and TRAP-related protein (CTRP), and secreted ookinete
adhesive protein (SOAP) [19]. Additional experiments in which gametocytes or ookinetes survive
and produce mature oocysts when injected into the hemocoel of either mosquitoes [20–22] or
Drosophila [23,24] indicate that ookinete invasion is not an essential step for progression into the
oocyst stage. In addition, the ability to culture oocysts in vitro using minimal media in the absence
of laminin argues that laminin may not be required for this developmental transition, although
oocysts do not fully mature and survive under these conditions [25].
The molecular signals that initiate the transition into an oocyst remain relatively unknown. Several
Plasmodium genes have been implicated in oocyst development [3–5], but due to the transient
nature of ookinete invasion and oocyst formation, the characterization of these mutant phe-
notypes has been difﬁcult. Several of these mutations affect ookinete surface proteins or
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Figure 1. Malaria Parasite Development in the Mosquito Host. Following an infectious blood meal, Plasmodium gametocytes are activated, resulting in the
emergence of male and female gametes. After fertilization and the formation of a zygote, parasites undergo meiosis and transform into a motile ookinete. While the precise
timing of ookinete invasion varies depending on the Plasmodium species, ookinetes must penetrate the peritrophic matrix surrounding the blood meal and invade the
midgut epithelium. After successful traversal, ookinetes differentiate into sessile oocysts on the basal surface of the midgut epithelium. Over an approximate 2-week
period, the oocyst undergoes extensive growth resulting in the production of thousands of sporozoites. Released into the hemolymph upon egress from a mature oocyst,
sporozoites must invade the salivary glands, where they can be transmitted to a new host upon mosquito feeding. The approximate time (top) denotes the timing of each
developmental stage (bottom).
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inﬂuence microneme development [3], suggesting that the reduced oocyst numbers are a
reﬂection of impaired ookinete invasion or traversal, rather than of oocyst development. The
injection of ookinetes into the hemocoel to bypass the cellular invasion step has been utilized as
an important method to differentiate these stages of parasite development [22,26,27] and
Table 1. Plasmodium Genes Implicated in Oocyst Development and Sporogony
Gene Name Annotation Phenotype Speciesa Refs
Ookinete to Oocyst Transition
MAOP Membrane attack ookinete protein Ookinetes do not invade P.b. [77]
SOAP Secreted ookinete adhesion protein Impaired ookinete motility P.b. [27,78]
CTRP Circumsporozoite and TRAP-related
protein
Ookinetes do not invade P.b. [27,79,80]
CelTOS Cell-traversal protein for ookinetes
and sporozoites
Impaired ookinete motility P.b. [81]
P25/28 P25 and P28 surface proteins Reduced oocyst numbers P.b. [82]
MISFIT MISFIT (formin-like protein) Reduced oocyst numbers P.b. [83]
SHLP1 Shewanella-like protein phosphatase No oocysts P.b. [26,84]
PPM5 Metallo-dependent protein
phosphatase
Reduced oocyst numbers P.b. [84]
Oocyst Capsule
Cap380 Capsule protein 380 Small, immature oocysts P.b. [28]
P25/28 P25 and P28 surface proteins Reduced oocyst numbers P.b. [28,85]
TGase Transglutaminase N/A P.g. [86]
Metabolism
GGCS Gamma-glutamylcysteine synthetase Small, immature oocysts P.b. [87]
GR Glutathione reductase Small, immature oocysts P.b. [88,89]
FabI Enoyl-acyl-carrier protein reductase Deﬁcient in sporogony P.f. [90]
FabB/F 3-Oxoacyl-acyl-carrier protein
synthase I/II
Deﬁcient in sporogony P.f. [90]
– Isoprenoid biosynthesis (apicoplast) Small, immature oocysts P.f. [91]
Sporogony
CSP Circumsporozoite protein No sporozoite production P.b. [92]
IMC1a Inner membrane complex protein Defects in sporogony P.b. [93]
LAP1/CCp3/SR LCCL-lectin adhesive-like protein No sporozoite production P.b. [94–96]
LAP2/CCp1 LCCL-lectin adhesive-like protein No sporozoite production P.b. [95,96]
LAP3/CCp5 LCCL-lectin adhesive-like protein No sporozoite production P.b. [95,96]
LAP4/CCp2 LCCL-lectin adhesive-like protein No sporozoite production P.b. [95,96]
LAP5/FNPA LCCL-lectin adhesive-like protein No sporozoite production P.b. [95,96]
LAP2/CCp1 LCCL-lectin adhesive-like protein No sporozoite production P.b. [95,96]
c-CAP Cyclase-associated protein Impaired sporozoite production P.b. [97]
CDLK CDPK-like kinase Reduced sporozoite numbers P.b. [98]
Egress
CSP Circumsporozoite protein Mature sporozoites, no egress P.b. [99]
ECP1 Egress cysteine protease 1 Mature sporozoites, no egress P.b. [100]
aAbbreviations: P.b., Plasmodium berghei; P.g., Plasmodium gallinaceum; P.f., Plasmodium falciparum.
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should be routinely used to distinguish mutant parasite defects in ookinete traversal and the
ookinete to oocyst transition. Improved methods of intravital imaging should also enable
researchers to examine parasite invasion in vivo to better understand this developmental
transition.
Oocyst Development in the Mosquito Host
The developmental progression of an oocyst lasts between 1 and 2 weeks depending on the
Plasmodium species. This sessile stage serves as an active period of growth and cell division
(known as sporogony) that results in the production of thousands of sporozoites from a single
oocyst. However, due to the limitations of studying oocyst development in the mosquito host
and the need for improved in vitro culture techniques, we know very little regarding oocyst
biology and the molecular signals that contribute to growth and sporogony. A summary of the
Plasmodium genes that have been implicated in oocyst development is given in Table 1, with an
overview of their putative functions represented in Figure 2.
Despite its sessile nature, oocyst development is dynamic, with clear differences in the mor-
phology between early and mature oocysts. As the parasite multiplies, the oocyst size increases
dramatically and mature stages are substantially larger than early oocyst stages. Parasites
depend on host resources for their developmental success, as is the case for Plasmodium
development in the mosquito. The rapid growth imposes a high nutritional demand on the
oocyst stage, requiring the parasite to obtain its nutrients from the mosquito host. In addition, the
components of the oocyst capsule have been shown to vary during oocyst development. For
example, mosquito laminin and the parasite protein Cap380 are incorporated early into the
developing Plasmodium berghei oocyst and remain throughout development [19,28] (Figure 2).
By contrast, early oocysts retain the ookinete surface markers P25/28 on the oocyst
capsule until it is internalized for degradation or shed; the capsule is completely absent by
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Figure 2. Parasite and Mosquito Components that Shape Oocyst Development, Growth, and Survival. The development and growth of Plasmodium
falciparum oocysts can be visualized by comparison of an early oocyst stained by (A) immunoﬂuorescence using a Pfs28 antibody and (B) fully mature oocysts using
mercurochrome staining. Oocysts can also be visualized using parasite strains that express ﬂuorescent markers. (C) Several genes have been implicated in stages of
Plasmodium oocyst development that include the formation of the oocyst capsule and inner membrane, parasite metabolism, and the production and egress of
sporozoites. Parasite proteins are denoted in red, while mosquito components are in blue. Abbreviations: c-Cap, cyclase-associated protein; Cap380, capsule protein
380; CSP, circumsporozoite protein; ECP1, egress cysteine protease; fabB/F, 3-oxoacyl-acyl-carrier protein synthase I/II; fabI, enoyl-acyl-carrier protein reductase;
GGCS, gamma-glutamylcysteine synthetase; GR, glutathione reductase; IMC1a, inner membrane complex protein; LAP/CCp, LCCL-lectin adhesive-like protein limulus
coagulation factor/C domain-containing proteins; LYSC-1, lysozyme c-1; MMP1, matrix metalloprotease 1; P25/28, P25 and P28 surface proteins.
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day 6 post-infection [28] (Figure 2). Two other mosquito proteins, matrix metalloprotease 1
(MMP1) and lysozyme c-1 (LYSC-1), are also incorporated into the early oocyst capsule, but
MMP1 is absent at later stages, while LYSC-1 persists and is still present in a subset of mature
oocysts [29,30] (Figure 2). This apparent turnover of capsule proteins also appears to coincide
with the onset of sporogony that is initiated by the expression of circumsporozoite protein (CSP)
approximately 6–7 days into Plasmodium yoelii oocyst development [18,31], and may signify the
transition of an early oocyst into its mature form. As we further describe below, oocysts appear
to no longer be susceptible to the mosquito immune response after they undergo sporogonic
development.
Mosquito Host Factors Inﬂuence Oocyst Growth and Survival
The incorporation of mosquito proteins, such as laminin, MMP1, and LYSC-1, into the oocyst
capsule may represent an effort by the parasite to mask itself with ‘self’ mosquito proteins to
avoid immune recognition (Figure 2). The potential co-opted usage of these proteins for immune
evasion would be similar to the strategy used by gametes to evade human complement by
covering their surface with human factor H present in the blood bolus [32].
Similar roles in the evasion of the mosquito complement-like system have been proposed for two
proteins that deliver nutrients for egg production, vitellogenin (Vg) and lipophorin (Lp) [33],
although further work is needed to determine whether they directly interact with thioester-
containing protein 1 (TEP1) or prevent the interaction of TEP1 with the parasite through an
indirect mechanism. In addition to the negative effect on egg production, Vg silencing also
reduced the number of mature oocysts [33], but it is unclear how Vg modulates parasite survival.
Conversely, increased immune signaling via the Toll pathway also results in lower levels of Vg
expression [33], illustrating the intricate balance between mosquito immunity and reproduction.
Further supporting this idea, several studies identiﬁed signiﬁcant ﬁtness trade-offs in mosquitoes
with natural resistance to malaria parasites, likely due to a competition for resources devoted to
immunity, reproduction, and host metabolism [34,35]. Lipophorin (Lp) also inﬂuences egg
production and serves as the major lipid transporter in the mosquito, yet, unlike Vg, Lp
expression does not appear to be inﬂuenced by the mosquito immune response [33]. Loss
of Lp results in reduced oocyst numbers [33,36,37], with those surviving displaying signiﬁcant
size defects [33]. Recent work in Anopheles gambiae examining bacterial and fungal pathogens
suggests that Lp serves as a negative regulator of TEP1 expression [38], yet TEP1 expression is
not altered following Lp silencing and challenge with P. berghei [33], arguing that different
mechanisms may be at play. Based on these results and the ability of oocysts to incorporate Lp
from the mosquito host [39], it appears that the developing oocyst is capable of scavenging
nutrients from its host environment for the high metabolic demands needed to complete
sporogony (Figure 2).
Mosquito Immunity Is Multimodal
Oocyst numbers in the mosquito host have traditionally been used as a single endpoint to
measure the success of malaria parasite infection, because a reduction in oocyst numbers could
have important epidemiological implications and ultimately curb malaria transmission. However,
until recently, the fact that distinct immune mechanisms may target different parasite stages had
been overlooked.
There is mounting evidence that mosquito host physiology and immunity affect parasite
development. For example, approximately 80 mosquito genes that inﬂuence oocyst develop-
ment have been identiﬁed [40], yet our understanding of their mechanisms of action remains
limited. Recent data suggest that parasite killing in the mosquito is multimodal, with two distinct
waves or ‘phases’ of mosquito innate immunity acting on the ookinete and oocyst stages of both
human and rodent malaria parasites [2,41,42] (Figure 3, Key Figure).
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Mosquito ‘Early-Phase’ Immunity Targets the Ookinete
The ‘early phase’ of mosquito immunity has been deﬁned as the events acting on the Plasmo-
dium ookinete during midgut invasion. During this time, most ookinete killing occurs at the basal
side of the midgut epithelium when ookinetes that have successfully invaded are exposed to
components of the mosquito hemolymph [13]. These effects are primarily thought to be
mediated by midgut nitration responses that modify the ookinete surface, marking them for
immune recognition by the mosquito complement-like system as ookinetes reach the basal
membrane [10,15–17]. This critical step enables parasite recognition by TEP1 and possibly
other mosquito complement-like components circulating in the hemolymph to the ookinete
surface in a cascade that ultimately leads to parasite lysis or melanization [43–46] (Figure 3).
The resulting effects of early-phase immune recognition act before the ookinete is able to
complete its transformation into an early oocyst, with noticeable effects of TEP1 silencing during
the ﬁrst 48 h following infection [42].
Mosquito ‘Late-Phase’ Immunity Inﬂuences Oocyst Survival
For many years, the broadly accepted view was that, once ookinetes successfully transitioned
into an oocyst, they were no longer susceptible to the effects of the mosquito immune system.
However, in recent years, new ﬁndings have demonstrated that both P. berghei and
Plasmodium falciparum oocysts are susceptible to the effects of the mosquito host in both
laboratory [29,41,42] and ﬁeld settings [47]. Importantly, parasite numbers were evaluated as
both early (day 2) and mature (day 7 or 8) oocysts in these studies to examine the previously
Key Figure
Mechanisms of ‘Early’ and ‘Late’-Phase Mosquito Immunity
‘Early’ Phase ‘Late’ Phase
Midgut
nitraon
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LL3 and STAT
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?
Figure 3. Invading ookinetes are subjected to an ‘early-phase’ response that involves midgut nitration and recognition by
mosquito complement-like components. This comprises a LRIM1, APL1C, and TEP1 complex that circulates in the
hemolymph and localizes TEP1 to the surface of Plasmodium berghei ookinetes following infection that ultimately leads to
parasite lysis or melanization. A second, ‘late-phase’ immune response produced by the concerted actions of the LL3 and
STAT pathway promote hemocyte differentiation and mediate P. berghei and Plasmodium falciparum oocyst survival likely
through as yet unknown cellular or humoral responses. Abbreviations: APL1C, Anopheles Plasmodium-responsive leucine-
rich repeat 1C; LL3, LITAF-like 3; LRIM1, leucine-rich repeat immune protein 1; STAT, signal transducer and activator of
transcription; TEP1, thioester-containing protein 1. Adapted from [2].
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overlooked implications of the mosquito immune system on oocyst survival. Between the time
points immediately after the establishment of an early oocyst and those of a ‘mature’ oocyst,
oocyst losses have been reported of 50–80% for both rodent and human malaria parasites in
multiple mosquito vectors [29,41,42,47]. Additional evidence suggests that parasite losses at
the oocyst stage are independent of TEP1 function [42], arguing that the mechanisms that deﬁne
oocyst survival are different from those that limit ookinete lysis and melanization. Oocyst
numbers decrease between day 2 and day 8 in TEP1-silenced mosquitoes [42], suggesting
that TEP1 and mosquito complement do not inﬂuence oocyst survival. However, the effects of
silencing are transient and further study is required to better deﬁne the possible role of mosquito
complement in the ‘late-phase’ immune response. Together, these ﬁndings establish that a
distinct ‘late phase’ of mosquito anti-Plasmodium immunity signiﬁcantly limits oocyst survival
between day 2 and day 8 of infection.
Many questions remain as to what may be happening during the approximate 6-day span that
Plasmodium oocysts are vulnerable to the effects of the mosquito host. As previously men-
tioned, it is provocative to suggest that oocyst susceptibility also coincides with the period of
oocyst development before the developmental switch to begin sporogony, suggesting that this
maturation step confers some level of protection from the mosquito host. However, further
experiments are needed to provide full insight into the immune mechanisms and effector genes
that inﬂuence oocyst survival in oocysts. There are likely additional mosquito immune compo-
nents that contribute towards oocyst survival, including those with previously characterized
effects on parasite numbers when only examined at the mature oocyst stage. As a result, the
manner in which oocysts are killed in the mosquito host will likely become more transparent in the
near future. Despite the need to further examine the mechanisms of late-phase immunity, when
summarizing our current knowledge, mosquito immune cells (hemocytes) have prominently
emerged as important determinants of oocyst survival [42].
Mosquito Hemocytes and Oocyst Survival
Our knowledge of mosquito hemocytes and their respective roles in anti-Plasmodium immunity
is still in its infancy. Transcriptional proﬁling of circulating hemocytes has yielded information
relating to the molecular signatures that follow bacterial or malaria parasite challenge [48,49],
arguing that hemocytes are integral components of the mosquito immune response. Experi-
ments have shown that hemocyte numbers increase following a blood meal [50–52], and display
signiﬁcant changes in activation in response to blood-feeding and pathogen challenge [52–54].
While it is clear that hemocytes inﬂuence parasite development [42,48,54,55], the temporal
contributions to parasite killing have remained elusive. Recent data highlighting the importance
of hemocyte differentiation on parasite development have brought important insight into the
mechanisms of oocyst survival [42], yet highlight the need for further study to determine the full
impacts of mosquito immune cells on mosquito vector competence.
Hemocyte Differentiation Is Integral to the Late-Phase Immune Response
Three distinct classes of circulating hemocyte have been described in mosquitoes, primarily
distinguished by size and morphology [56]. Prohemocytes are thought to act as primordial
precursors that give rise to the more specialized oenocytoids and granulocyte populations
[57–59], which have presumed roles in melanization and phagocytosis respectively. By contrast,
recent evidence in Drosophila suggests that sessile precursor cells attached to the abdominal
wall of adult ﬂies are able to produce the equivalent of oenocytoids and granulocytes in response
to bacterial challenge [60]. It has also been proposed that circulating granulocytes in mosquitoes
give rise to other hemocyte subtypes by trans-differentiation in response to blood-feeding and
pathogen challenge [53,61]. These differing opinions highlight how little we know about mos-
quito hemocyte biology and emphasize the need for genetic tools and markers to deﬁne
functional subpopulations and their lineages. While these questions regarding hemocyte
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progenitors remain, it is clear that mosquito hemocyte populations are dynamic in response to
blood-feeding and pathogen challenge.
Following Plasmodium infection, hemocytes differentiate, resulting in an increase in the
proportion of circulating oenocytoids and granulocytes [42,55,62]. Although the mechanisms
by which these increased cell subpopulations are able to inﬂuence the mosquito immune
system remain elusive, hemocyte differentiation following parasite infection is able to confer
protective immunity upon rechallenge experiments [62]. This effect can be transferred with
the hemolymph from a malaria-infected mosquito to naïve mosquitoes through the presence
of a soluble hemocyte differentiation factor produced as a result of parasite infection
comprising a lipoxin/lipocalin complex that promotes an increase in the proportion of
granulocytes [62,63].
This differentiation step is inﬂuenced by several different mosquito immune signaling pathways,
including LITAF-like 3 (LL3), Toll, signal transducer and activator of transcription (STAT), and
Jun-N-terminal kinase (JNK), that, when silenced, abrogate hemocyte differentiation in response
to Plasmodium infection [42,55]. Each of these signaling pathways culminates in one or more
transcription factors (LL3, Rel1, STAT-A, or Fos/Jun), yet the direct or indirect contributions of
these pathways to hemocyte regulation and function in mosquitoes is currently unknown. The
Toll, STAT, and JNK pathways have each been previously implicated in roles in Drosophila
hemocytes [58,64–66], while LL3 was only recently characterized in mosquitoes [9,42]. As a
result, each of these respective pathways deserves further study in mosquitoes to better
understand their contributions to hemocyte function. The Toll and JNK pathways have known
roles as important modulators of malaria parasite development in the mosquito host
[10,17,55,67], although their potential roles in the late-phase immune response have yet to
be described.
The involvement of LL3 and STAT-A in mosquito hemocyte differentiation [42,55] and the
subsequent increases in oocyst survival that accompany gene silencing [41,42] provide strong
support that hemocytes are integral to the late-phase immune response in mosquitoes.
Compared with control mosquitoes, the loss of either LL3 or STATA produced fewer circulating
oenocytoids and granulocytes, arguing that an increased proportion of one or both of these
cells following Plasmodium infection may contribute to oocyst survival [42]. Therefore, if one
can inﬂuence hemocyte differentiation to produce more oenocytoids or granulocytes in
response to infection, mosquitoes may become more refractory to parasite development.
In agreement with this hypothesis, the silencing of a negative regulator of the STAT pathway
(SOCS) increased the percentage of circulating granulocytes and resulted in a reduction in
oocyst numbers [41,42]. Together, these data argue that mosquito hemocytes are integral to
the mosquito immune response and the success of malaria parasite development in the
mosquito host.
However, a major question that remains is how mosquito hemocytes inﬂuence oocyst survival.
Due to differences in size, it is unlikely that hemocytes are able to phagocytize early oocysts,
although direct interaction with the developing parasite has not been completely explored due to
the absence of established genetic tools in mosquitoes and reliable hemocyte markers. Yet,
there is support that hemocytes attach to the midgut as well as other tissues in naïve mosquitoes
[61], and that hemocytes bind to the midgut following ookinete invasion [36,43]. Based on
examples in Drosophila, a more likely role may point to hemocytes serving as intermediates
components for interorgan communication between the midgut and fat body to activate humoral
immune responses that target the developing oocyst [59,68,69]. These questions need to be
addressed in greater detail to better understand the effector molecules responsible for the
effects of mosquito late-phase immunity.
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Hemocytes, Wound Healing, and Plasmodium Oocyst Survival
In addition to trying to understand the effects of late-phase immunity and the mechanisms by
which it inﬂuences parasite development, another important question is how hemocyte differ-
entiation is triggered in response to parasite infection. LL3 and STAT-A are expressed at varying
levels in the midgut, hemocytes, and fat body [41,42], making it difﬁcult to identify the contribu-
tion of each tissue due to the nature of systemic silencing produced by RNAi. This is further
complicated by the post-transcriptional regulation of STAT-A in which expression is unchanged
after pathogen challenge [41,70]. By contrast, the expression of LL3 is signiﬁcantly increased
following parasite infection [9,42], possibly providing some insight into the signals that promote
hemocyte differentiation.
Despite having a phenotype later in parasite development, the expression of LL3 in the midgut
and hemocytes closely corresponds with ookinete invasion [9,42]. The effects of blood-feeding
or exposure to parasites that are unable to invade the midgut epithelium produced no change in
LL3 expression [9,42]. By contrast, LL3 was induced shortly after the onset of ookinete invasion
in both the midgut and hemocytes for both rodent and human parasites [9,42]. Additional
experiments revealed that the mosquito microbiota did not inﬂuence LL3 expression [42],
suggesting that the damage signals produced as a result of ookinete invasion are able to
trigger LL3 expression and possibly hemocyte differentiation. Work in Drosophila has estab-
lished that hemocytes respond to tissue damage [59,71,72], with a similar mechanism likely at
work in mosquitoes.
Another identiﬁed late-phase immune component, MMP1, expressed in the midgut and hemo-
cytes in response to ookinete invasion, may have a similar function in mosquito wound-healing
responses [29]. Immunoﬂuorescence assays revealed increased accumulation of membrane-
bound MMP1 at the sites of ookinete invasion and nearby cells [29], suggesting that MMP1 is
required for effective wound-healing responses similar to its Drosophila counterpart [73].
Additional roles of a secreted form of MMP1 produced by circulating hemocytes may also
contribute to these responses [29]. Interestingly, MMP1 is incorporated in the capsule of early
oocysts [29], possibly masking the developing parasite from immune recognition and protecting
them from yet unknown effectors of late-phase immunity.
Nsango et al. [74] provided further support that wound-healing responses are able to limit
parasite infection. Although they did not deﬁne the temporal actions of parasite killing, the
authors demonstrated that mosquito wounding by the injection of water before parasite
challenge effectively limited oocyst numbers compared with control mosquitoes [74], arguing
that the signals that promote wound healing in the mosquito host also limit parasite
development.
Concluding Remarks
As we continue to unravel the host–parasite interactions that deﬁne mosquito vector compe-
tence and parasite development, we gather more and more information relating to the mecha-
nisms of malaria parasite transmission and the potential targets for its intervention. Herein, we
have focused on the weak point of the transmission cycle, the oocyst, and have outlined the
known components that shape its development from both the perspectives of the parasite and
the mosquito host.
Often overlooked as simply a numbers endpoint to examine the intensity of infection, or
dismissed as a dormant stage of parasite development, emerging evidence argues that the
Plasmodium oocyst is a dynamic stage in the mosquito vector. During the approximate 2 weeks
of their development, oocysts undergo impressive growth and developmental complexity that
ultimately leads to sporogony. Recent studies also demonstrated that oocysts are active targets
Outstanding Questions
Plasmodium oocyst development and
survival in the mosquito host has
received little attention. Addressing
the following questions should provide
new insights into Plasmodium oocyst
biology and host–pathogen interac-
tions in the mosquito host that affect
oocyst survival.
Ookinete invasion is a transient step,
making it difﬁcult to distinguish parasite
mutants with invasion defects from
those that affect progression into the
oocyst stage. What are the parasite or
mosquito signals that initiate the ooki-
nete–oocyst transition? Can these be
addressed through improved in vitro
oocyst culture techniques?
How do developing oocysts evade
immune recognition? Are there differen-
ces between the strategies used by
early and mature oocysts? Does the
parasite incorporate mosquito proteins
into the oocyst capsule to avoid ‘non-
self’ recognition by the mosquito
immune system?
Approximately 80 mosquito genes
have been shown to inﬂuence para-
site development. Do these limit ooki-
nete or oocyst numbers as part of
the respective early- or late-phase
immune responses?
How does mosquito hemocyte differ-
entiation inﬂuence oocyst survival? Do
hemocytes trigger humoral responses
with other mosquito organs or do they
act directly on developing oocysts?
What are the effector genes involved
in late-phase immunity?
Oocyst numbers appear to be inﬂu-
enced by wound-healing responses
in the mosquito. What are the damage
signals that trigger these responses?
Since these are not pathogen speciﬁc,
how do they limit parasite survival?
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of the immune response, providing new insights into the mechanisms that shape anti-
Plasmodium immunity. These discoveries raise new challenges for the vector community,
and highlight the importance of differentiating between defense responses that affect ookinete
invasion, complement activation and oocyst survival to accurately determine the components
that shape vector competence in the mosquito host (see Outstanding Questions).
Most of our current understanding of how the mosquito immune system limits Plasmodium
infection is based on laboratory models. As key effector mechanisms of anti-Plasmodium
immunity are deﬁned, an additional challenge remains to investigate their impact under ﬁeld
conditions, where genetic polymorphisms and selective pressures in mosquito populations are
likely to inﬂuence disease transmission [75,76].
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